Breathing in mammals depends on rhythms that originate from the preBötzinger complex (preBötC) of the ventral medulla and a network of brainstem and spinal premotor neurons. The rhythm-generating core of the preBötC, as well as some premotor circuits, consist of interneurons derived from Dbx1-expressing precursors (Dbx1 neurons), but the structure and function of these networks remain incompletely understood. We previously developed a cell-specific detection and laser ablation system to interrogate respiratory network structure and function in a slice model of breathing that retains the preBötC, the respiratory-related hypoglossal (XII) motor nucleus and XII premotor circuits. In spontaneously rhythmic slices, cumulative ablation of Dbx1 preBötC neurons decreased XII motor output by ϳ50% after ϳ15 cell deletions, and then decelerated and terminated rhythmic function altogether as the tally increased to ϳ85 neurons. In contrast, cumulatively deleting Dbx1 XII premotor neurons decreased motor output monotonically but did not affect frequency nor stop XII output regardless of the ablation tally. Here, we couple an existing preBötC model with a premotor population in several topological configurations to investigate which one may replicate the laser ablation experiments best. If the XII premotor population is a "small-world" network (rich in local connections with sparse long-range connections among constituent premotor neurons) and connected with the preBötC such that the total number of incoming synapses remains fixed, then the in silico system successfully replicates the in vitro laser ablation experiments. This study proposes a feasible configuration for circuits consisting of Dbx1-derived interneurons that generate inspiratory rhythm and motor pattern.
Introduction
Inspiratory breathing movements emanate from neural activity in the preBötzinger complex (preBötC) (Smith et al., 1991; Moore et al., 2013) as well as a network of premotor neurons that transforms inspiratory rhythm into a coordinated set of motor commands serving ventilation. Because our knowledge of the preBötC presently exceeds that of the premotor circuits, we used experiments and modeling to advance understanding of how brainstem premotor neurons interconnect with the preBötC and influence inspiratory-related motor patterns.
Interneurons whose progenitors express the homeodomain transcription factor Dbx1 (hereafter referred to as Dbx1 neurons) may comprise the rhythmogenic core of the preBötC (Bouvier et al., 2010; Gray et al., 2010; Picardo et al., 2013) . Rhythms that originate in the preBötC drive a complement of respiratory muscles, including the tongue protractor (genioglossus) that helps maintain airway patency during breathing behavior. Hypoglossal (XII) motoneurons in the dorsomedial medulla innervate these protractor muscles. XII premotor neurons, which convey inspiratory-related drive to XII motoneurons, have been identified in the intermediate reticular formation intercalated between the preBötC and the XII motor nucleus (Ono et al., 1994; Woch et al., 2000; Peever et al., 2002; Koizumi et al., 2008; Fregosi et al., 2011) . Interestingly, Dbx1 neurons also situated in the intermediate reticular formation adjacent to preBötC, constitute a significant set of XII premotor neurons (Wang et al., 2014; Revill et al., 2015) .
Positing that Dbx1 preBötC neurons largely contribute to rhythmogenesis and Dbx1 reticular neurons primarily contribute to premotor drive transmission, we tested those roles experimentally in a rhythmically active slice model of breathing (Funk and Greer, 2013) . We used photonics to cumulatively destroy Dbx1 preBötC neurons while monitoring rhythmic motor output in real time. After ϳ15 ablations, the magnitude of inspiratory motor output measured from the XII nerve root decreased by half; further ablations slowed spontaneous rhythmic frequency, which ceased after an ablation tally of 85 Ϯ 20 (Wang et al., 2014) . Later we adapted the technique to destroy Dbx1 neurons from the intermediate reticular formation, which decreased the magnitude of XII motor output linearly without affecting the frequency of the respiratory rhythm (Revill et al., 2015) .
The observations that ablations in the preBötC exerted an immediate and profound amplitude effect on XII motor output, whereas cumulative ablations in the reticular formation attenuated XII motor output in a graded manner, were nonintuitive and unexpected results. Therefore, we aimed to construct a model XII premotor network (i.e., a simulated intermediate reticular formation) to connect to an established model preBötC (Song et al., 2015) such that, when cumulatively deleting neurons from either population, the frequency and amplitude of the fictive nerve output would match the experimental results in the targeted laser ablation experiments summarized above.
This study provides a feasible blueprint for the assembly of a rudimentary rhythm and pattern-generating neural circuit that improves our understanding of how Dbx1-derived interneurons of the lower medulla generate and regulate breathing behavior.
Materials and Methods

Rubin-Hayes preBötC neuron model
Each preBötC neuron is a Rubin-Hayes model Dunmyre et al., 2011) , featuring Hodgkin-Huxley-like spiking currents with four additional currents: calcium-activated nonspecific cation current (I CAN ) (Crowder et al., 2007; Pace et al., 2007; Mironov, 2008 Mironov, , 2013 Pace and Del Negro, 2008; Mironov and Skorova, 2011) , excitatory synaptic current mediated by AMPA receptors (I syn ) (Funk et al., 1993; Ge and Feldman, 1998) , persistent sodium current (I Na-P ) Ptak et al., 2005; Koizumi and Smith, 2008) , and Na/K ATPase pump current (I pump ) Krey et al., 2010) . The Rubin-Hayes model is in the public domain (http://senselab.med.yale. edu/modeldb/ShowModel.asp?modelϭ125649).
The current-balance equation takes the following form:
describe the evolution of the state variables, for each x in ͕m, h, n, h NaϪP ͖. Whole-cell currents are described with chord-conductance equations, in some cases modified for Ca 2ϩ or Na ϩ gating (Li and Rinzel, 1994) as follows:
where N is the number of presynaptic neurons, ͕s 1 . . . s N ͖ reflects presynaptic s variables, and I pump ͑Na͒ ϭ r pump ͑͑Na͒ Ϫ ͑Na ϱ ͒͒.
The remaining functions, including those for voltage-dependent channel gating, are as follows:
Model parameters are set to the following values for preBötC neurons:
n ϭ Ϫ5 mV, T nmax ϭ 30 ms, s ϭ 15 mV, s ϭ Ϫ3 mV, T s ϭ 15 ms, m NaϪP ϭ Ϫ40 mV, m NaϪP ϭ Ϫ6 mV, h NaϪP ϭ Ϫ48 mV, h NaϪP ϭ 6 mV, T NaϪP ϭ 1000 ms, k Ca ϭ 22.5 ms
, r pump ϭ 200 pA, k Na ϭ 10 mM, Ca ϱ ϭ 0.05 M, Na ϱ ϭ 5 mM, ϭ 0.0007, ␣ ϭ 6.6ϫ10
. We modeled XII premotor neurons using the Rubin-Hayes formulation with a few parameters adjusted to fit measurements of respiratory premotor neurons (Koizumi et al., 2008) :
The synaptic gating variable s, which was coupled to the ordinary differential equation for Ca 2ϩ , represents both ionotropic and metabotropic glutamatergic receptor activation.
Network model consisting of the preBötC and intermediate reticular formation
We previously modeled the preBötC as a directed Erdős-Rényi random graph (Newman et al., 2001) . The model preBötC with n ϭ 250 interneurons and interconnection probability p ϭ 0.1625 produces a rhythm with a realistic mean cycle period (Wang et al., 2014) .
Premotor interneurons that project to inspiratory-related XII motoneurons have been identified in the intermediate reticular formation, which is intercalated between the preBötC and the XII nucleus (Dobbins and Feldman, 1994; Ono et al., 1994; Peever et al., 2002; Chamberlin et al., 2007; Koizumi et al., 2008; Volgin et al., 2008; Stanek et al., 2014) . Because the intermediate reticular formation contains oral-motor as well as respiratory interneurons, the total number of XII premotor neurons dedicated to respiration is unknown. Koizumi et al. (2008) functionally identified 146 XII premotor neurons in rhythmically active slice preparations from neonatal rodents in vitro: 136 located in the intermediate reticular formation and 10 within the dorsal part of the preBötC. These functionally identified premotor interneurons expressed a variety of transmitter phenotypes.
Our model network selectively incorporates glutamatergic Dbx1-derived premotor neurons in the intermediate reticular formation and the dorsal preBötC (Wang et al., 2014; Revill et al., 2015) . We fixed the Dbx1 reticular premotor population size at n ϭ 100, which is based on the Koizumi et al. (2008) estimate but slightly reduced to account for functionally identified inspiratory XII premotor neurons that are not glutamatergic. Reticular premotor neurons receive synaptic input from the preBötC but do not project back to it (Koshiya and Smith, 1999; Koizumi et al., 2008) . This coupling arrangement reflects the orthodromic mode of transmission from preBötC to premotor neurons to genioglossus XII motoneurons. All synaptic connections in this study are excitatory.
To represent the fraction of Dbx1 XII premotor neurons within the preBötC (Wang et al., 2014), we randomly selected 50 constituent neurons that interconnect locally in the preBötC but, furthermore, contribute directly to network output (thus modeling a projection to the XII nucleus). Fictive nerve output was quantified as a running-time spike histogram from the raster plot of spike activity in all 100 reticular premotor neurons and 50 preBötC neurons (i.e., 20% of the preBötC population) that project directly to the XII nucleus (Wang et al., 2014) . The amplitude of this ensemble network rhythm represents fictive XII nerve output (i.e., it mimics experimental recordings of XII motor nerve roots in vitro) (Smith et al., 1991; Funk and Greer, 2013) and thus is depicted as distinct sites of projection in Figure 1A . Figure 1A provides a diagram of the model system. Black elements, including the population size of the preBötC and reticular premotor population, remain fixed, whereas magenta elements were adjusted, such as (1) the specific number of preBötC neurons that project to the reticular formation, (2) the connectivity from preBötC to reticular premotor neurons, and (3) the connectivity among reticular premotor interneurons.
The fraction of preBötC neurons that were candidates for projection to the reticular premotor neurons (i.e., allowable fraction) was varied from 0.2 to 0.45 with a step size of 0.025. Whether a preBötC neuron in this reticular-projecting subset actually synapsed onto each individual XII premotor neuron was further governed by a connection probability that varied from 0.15 to 0.4 with a step size of 0.025. For each parameter pair, we performed 10 simulations (i.e., 10 unique network realizations).
Qualitative network behavior appears to depend inversely on the allowable fraction of projected preBötC neurons and the connection probability. If the allowable fraction equals or exceeds 0.35 and the connection probability exceeds 0.2, then the XII premotor population fully synchronizes with the preBötC rhythm (Fig. 1B) .
Connectivity among XII premotor neurons is unknown, so we examined three canonical network structures: Erdős-Rényi (random), scalefree, and small-world (Watts and Strogatz, 1998; Barabasi and Albert, 1999; Newman et al., 2001) . Each constituent neuron is a vertex in the network, and its connections are dubbed edges (or links). Figure 1A provides a schematic of connectivity but does not accurately depict the topology of vertices and edges. Some preBötC neurons (set B) are allowed to connect to the reticular formation premotor system (middle lozenge), 50 preBötC neurons (set A) directly connect to model XII nucleus to influence fictive nerve output. The rest of the preBötC neurons only connect within the preBötC (set C). All preBötC neurons (sets A-C) are allowed to connect to each other with a fixed connection probability. The reticular premotor system consists of 100 neurons (set D) that all project to the model XII nucleus. Circles represent neuron populations. Lines with round terminations indicate directed synaptic projections. Synaptic projections among neurons within the same population are indicated by a recurrent connection (e.g., the line projecting from set A back into set A). Interconnection between the preBötC and the reticular premotor system is either Erdős-Rényi (random) or obeys an antipreferential attachment rule. The synaptic interconnection for constituent neurons of the reticular premotor system is either Erdős-Rényi, scale-free, or small-world (set D). Specific connection topologies are not accurately represented in this schematic, which rather shows a basic schematic of the whole system. We also show three diagrams representing three characteristic networks: Erdős-Rényi (A, right top), scale-free (A, right middle), and small-world network (A, right bottom), respectively. B, Interconnection between model preBötC and reticular premotor networks as a function of the allowable fraction (i.e., the fixed proportion of preBötC neurons that may connect to reticular premotor neurons) and probability that they do so. Blocks show the number of synchronized premotor neurons according to the colorimetric scale (top) for one 30 s simulation.
No simulated deletions were performed. *Indicates the parameter pair (0.36, 0.25) that ensures full synchronization of constituent premotor neurons.
Erdős-Rényi. Each vertex is connected with equal probability p to any of the other n Ϫ 1 vertices in the network (Newman et al., 2001) . Figure  1A (right, top) shows a diagram of an Erdős-Rényi network.
Scale free. The degree (number of connections a vertex possesses, in or out) distribution for all vertices follows a power law. Scale-free networks feature hubs (i.e., vertices that are very highly connected compared with the rest). We generated scale-free networks using the Barabasi-Albert preferential attachment model (Barabasi and Albert, 1999) . Figure 1A (right, middle) shows a diagram of a scale-free network.
Small-world. The characteristic path length L (i.e., the smallest number of edges separating any two vertices in the network, averaged over all such pairs) grows proportionally with the logarithm of the size of the network n (i.e., Lϰlog͑n͒). This characteristic path length in small-world networks is significantly shorter compared with Erdős-Rényi networks with the same level of clustering. We generated small-world networks using a random rewiring procedure from the initial lattice network where each neuron connects to exactly 20 other neurons within the network (Watts and Strogatz, 1998) . Figure 1A (right, bottom) shows a diagram of a small-world network.
The connectivity from Dbx1 preBötC interneurons to reticular premotor neurons is also unknown. In the situations where the reticular network is modeled as scale-free or small-world, the preBötC is connected to the reticular network via an antipreferential attachment model. We computed a weighted connection probability p ij between preBötC neuron i and reticular premotor neuron j given by the following:
in-degree of all premotor neurons in-degree of premotor neurons j
where p baseline is 0.175.
Numerical methods
We simulated network models on the SciClone computing cluster at the College of William and Mary. We used a fourth-order Runge-Kutta numerical integration routine with a fixed time step of 0.25 ms using NeuronetExperimenter software (http://neuronetexp.sourceforge.net/) to simulate large populations of neurons with arbitrary connectivity. Network models were subjected to 100 random neuron deletions from either preBötC or reticular formation to measure the amplitude and frequency of respiratory-related network output, and then compare it with experimental results (Wang et al., 2014; Revill et al., 2015) . One neuron was deleted every 20 s (simulated time) by setting the synaptic gating variable and its corresponding differential equation to zero, which disconnects the neuron from the rest of the network. Deleted neurons then no longer contributed to the fictive nerve output.
Results
Ablating preBötC and reticular interneurons cause disparate effects on respiratory rhythm and motor output
Cumulative photonic destruction of Dbx1 preBötC neurons impairs and then irreversibly precludes inspiratory rhythm generation (Wang et al., 2014) . The amplitude of motor output (monitored from the XII cranial nerve root in vitro) decreased precipitously after ablating 10 -15 Dbx1 neurons; further ablations decelerated spontaneous rhythm and then stopped it altogether after destruction of ϳ85 Dbx1 preBötC neurons. Figure  2A shows a previously unpublished representative experiment from (Wang et al., 2014) . Numerical simulations replicated perturbation and cessation of spontaneous rhythm when the model preBötC was subjected to cumulative random deletions (Song et al., 2015) but lacked the precipitous decrease in network output, which we postulate is because the model incorporated only the preBötC but not premotor or motor circuits.
Surmising that a more realistic model should feature reticular XII premotor circuits to properly replicate network output, we performed cell-selective photonic ablation experiments in rhythmically active slices to interrogate the role(s) of Dbx1 reticular neurons (Revill et al., 2015) . The preBötC, reticular formation, and XII nuclei are bilaterally distributed in the brainstem, and that bilateral symmetry is retained in rhythmically active slices used for laser ablation experiments in vitro (for details, see Funk and Greer, 2013; Wang et al., 2014; Revill et al., 2015) . Deleting Dbx1 reticular neurons from one side of the medullary slice preparation decreased the amplitude of the ipsilateral XII motor output linearly without affecting frequency. Figure 2B shows a previously unpublished representative experiment from Revill et al., (2015) . The contralateral XII output was unaffected. In general, selective laser ablation of 97 Ϯ 20 (mean Ϯ SD) Dbx1 reticular neurons caused a 36 Ϯ 4% and 54 Ϯ 3% (mean Ϯ SD) decrease in ipsilateral XII amplitude and area, respectively (Revill et al., 2015) .
Erdős-Rényi network for the premotor population
To attempt to replicate these in vitro experiments in silico, we first set up a network such that 36% of the preBötC neurons (i.e., 90 of the 250 model Dbx1 preBötC neurons) were allowed to connect to an Erdős-Rényi reticular network (e.g., Fig. 1A ) with a fixed probability of 0.25. Then we performed sequential random ablations from the model preBötC (Fig. 3) .
The first model Dbx1 preBötC neuron deletion was performed at 30 s (simulated time); a large portion of the XII premotor population started spiking tonically, which elevated the baseline of the running-time spike histogram. This running-time spike histogram encodes the firing patterns of all premotor neurons projecting to XII motoneurons; thus, it represents the model analog of XII nerve output recordings, which we dubbed "fictive nerve output" (see Figs. 3-5) . The running-time spike histogram incorporates 50 preBötC neurons projecting to XII motoneurons (Fig. 1A, population A) and the 100 reticular premotor neurons (Fig. 1A, population D) and implicitly assumes that the XII motoneuron output is a linear readout of its constituent inputs. The tonic-spiking pattern in fictive nerve output (Fig. 3) was maintained throughout the simulation regardless of the ablation tally. Therefore, showing only the first four ablations suffices to demonstrate the outcome of the experiment. Here, the connectivity of the preBötC and reticular formation, as well as the connectivity within the reticular population itself, are independent. Reticular XII premotor neurons cannot generate rhythmic activity alone but rather entrain to rhythmic input from the preBötC. Therefore, as preBötC neurons are deleted, the reticular premotor neurons to which they project lose rhythmic synaptic drive but connectivity among reticular neurons remains unchanged. These premotor neurons, which have lost preBötC drive, cease to burst in sync with the preBötC but may engage in recurrent excitation with other reticular neurons and spike tonically.
Nine other simulations of the same network configuration showed qualitatively similar results (not shown). These data suggest that an Erdős-Rényi network is not a realistic model for the reticular premotor circuit because the outcome of in silico experiments (Fig. 3) did not match the corresponding in vitro experiments ( Fig. 2A) (Wang et al., 2014) , particularly with respect to the amplitude of motor output.
Scale-free network for the XII premotor population
Configuring the XII premotor population as a scale-free network (e.g., Fig. 1A ) results in a large SD of the in-degree distribution (in-degree ranged from 22.9 to 77.0, SD ϭ 14.2, N ϭ 50 networks) compared with that of the Erdős-Rényi premotor popu-lation (in-degree ranged from 22.4 to 45.9, SD ϭ 4.7, N ϭ 50 networks). Nevertheless, high-in-degree vertices are sparse, so the overall network connectivity remained commensurate with the parameter sets identified in Figure 1B . Each premotor neuron in a scale-free reticular network received approximately the same number of synapses as in the Erdős-Rényi configuration (median in-degree measured 33.2 for the scale-free configuration and 33.5 for the Erdős-Rényi configuration).
We implemented an antipreferential attachment rule (see "Network model consisting of the preBötC and intermediate reticular formation") when connecting preBötC neurons to the reticular premotor network (i.e., more interconnections with other reticular premotor neurons reduce the likelihood of input from the preBötC, and vice versa). Then, preBötC neurons were randomly and cumulatively ablated from the model system (Fig. 4A) . Approximately half of the reticular premotor network stopped discharging bursts after the ninth deletion, which is qualitatively similar to the experimental results ( Fig. 2A) . Forty-one of 100 simulations of different realizations of the same network configuration showed qualitatively similar results (data not shown), in which 7.3 Ϯ 6.3 (mean Ϯ SD) neuron deletions would induce the precipitous amplitude decline, whereas 34.2 Ϯ 7.8 (mean Ϯ SD) neuron deletions led to rhythm termination. The other 59 simulations showed no qualitative change in the fictive nerve output as the growing ablation tally slowed and stopped the rhythm.
To further test the scale-free reticular network configuration, we randomly and cumulatively deleted XII premotor neurons matching the experiment in Figure 2B (N ϭ 50). Fictive nerve output dropped initially and then stabilized (Fig. 4B ) instead of decreasing linearly throughout the ablation sequence, which differed from the experimental result (Fig.  2B ). These data suggest that a scale-free network captures some, but not all, features of a realistic model for the reticular premotor circuit.
Small-world network for the XII premotor population
We sought to remodel the reticular premotor system while preserving connectivity commensurate with the Erdős-Rényi-like premotor network (to ensure synchronized activity in XII premotor neurons, see Fig. 1B ) as well as the antipreferential attachment rule to connect the preBötC neurons with the reticular premotor network (which successfully replicated the amplitude drop in response to preBötC neuron ablation, see Figs. 2A, 4A ). Scale-free networks feature highly connected "hub" vertices whose deletion can cause abrupt changes in function, such as catastrophic system failure (Barabasi and Albert, 1999; Newman et al., 2001) . We reasoned that hubs are unlikely to exist in the Dbx1 reticular premotor network because our cumulative ablation experiments in vitro never failed catastrophically (Fig. 2B ) (Revill et al., 2015) . If hubs exist in the real system, it seems unlikely that we would have failed to delete one in the context of hundreds of ablations randomly targeting Dbx1 reticular neurons performed in vitro. Wang et al., , 2014 . In brief, slices that retain the preBötC, the intermediate reticular formation, as well as the XII motor nucleus and motor nerve root were perfused with 27°C artificial CSF at 4 ml/min, and the external K ϩ concentration was maintained at 9 mM. Top, Normalized amplitude of the XII motor nerve discharge (motor output) measured via suction electrode and then amplified, full wave-rectified, and smoothed for display. Gray bar represents the cumulative laser-ablation phase with the total ablation tally. Bottom, Time-series plot of respiratory cycle period measured in real time during the laser-ablation experiment. The ordinate scale is continuous, but the tick scale changes at 25 s (5 s ticks are used from 0 to 25 s; 50 s ticks are used from 26 to 400 s). Cycle period exceeding 250 s indicates irreversible rhythm termination. B, In vitro experiment showing sequential, cumulative Dbx1 reticular neuron laser ablations from the right side of the slice preparation in vitro, which caused a linear decline in the ipsilateral (right) XII amplitude with no concomitant perturbation of respiratory cycle period. Methodological details can be found in the original publication (Revill et al., 2015) . Top, Normalized amplitude of the right XII motor nerve rootlet. Gray bar represents cumulative laser-ablation phase with the total ablation tally. Middle, Normalized amplitude measured from left XII nerve rootlet. Bottom, Time-series plot of respiratory cycle period measured in real time during the laser ablation experiment. To match A, the ordinate scale is continuous, but the tick scale changes at 25 s (5 s ticks are used from 0 to 25 s; 50 s ticks are used from 26 to 400 s).
Therefore, we reassembled the reticular premotor system as a small-world network (e.g., Fig. 1A ). The in-degree ranged from 28.3 to 40.3 (SD ϭ 2.4), and the median in-degree measured 34.0, which is similar to the in-degree distribution and the median in-degree of the Erdős-Rényi and scale-free network configurations. We again connected the preBötC to the reticular premotor network via antipreferential attachment.
We randomly deleted model Dbx1 preBötC neurons and monitored fictive nerve output (Fig. 5A) . The rhythm decelerated and terminated after a tally of 47 total ablations (the simulation reached a final tally of 53, but rhythm cessation occurred at 47); fictive nerve output experienced a precipitous drop in amplitude after the 13th deletion. These results broadly matched the experiments ( Fig. 2A) (Wang et al., 2014) . When we randomly deleted model Dbx1 neurons from the reticular premotor population instead, output decreased linearly to a steady-state level of attenuation without perturbing rhythmic frequency (Fig. 5B) , which was also consistent with the Dbx1 reticular premotor neuron laser ablation experiments (Fig. 2B) (Revill et al., 2015) .
In a total of 150 different realizations of the reticular premotor network in a small-world configuration, our simulations accurately reproduced the effects of preBötC neuron ablations in 38 cases (25.3% of 150 simulations; 95% CI, 18%-32%), which is far from the majority of cases. However, the ability to accurately reproduce the reticular ablation experiment was much greater. In a total of 50 realizations of the reticular premotor network in a small-world configuration, we successfully replicated the results of Dbx1 reticular neuron ablations in 42 cases (84% of 50 simulations; 95% CI, 74%-94%). These data suggest the viability of a small-world network to model the real reticular premotor system but furthermore suggest that the precipitous drop in output following Dbx1 preBötC neuron ablation depends on additional factors that were not accurately captured in our simulations. Because the model preBötC neurons follow three qualitatively different coupling schemes (Fig. 1A, populations A-C) , we speculated that a precipitous output drop, which invariably resulted from ablation experiments in vitro ( Fig. 2A) (Wang et al., 2014) , might depend on which certain subset of Dbx1 preBötC neurons are targeted for ablation.
To address this, we conducted three sets of preBötC neuron deletion simulations. Each set was repeated 50 times. Each run continued for 1030 simulated seconds (50 neuron deletions, one every 20 s after a 30 s initialization phase) and employed the same group of 50 network realizations referenced above. Only the random deletion sequence that targeted a specific subset of preBötC neurons changed in each case.
In the first case, we randomly deleted 50 neurons from among the 200 of the Dbx1 preBötC neurons that had no direct connection to the XII nucleus (sets B and C in Fig. 1A ). For the second case, we specifically targeted the 50 Dbx1 preBötC neurons that connected to the XII nucleus (set A in Fig. 1A ). For the third simulation, we selectively targeted 50 neurons from among the 90 Dbx1 preBötC neurons (set B in Fig. 1A , 36% of 250 preBötC neurons) that connected to the reticular premotor population (set D in Fig. 1A) . The fictive nerve output showed four characteristic patterns (Fig. 6 ) as follows: (1) lack of function, i.e., no network-wide bursts; (2) stable amplitude for the duration of the simulation; (3) tonic spiking in the premotor network after a certain number of ablations, causing a shift in the baseline amplitude (e.g., see Fig. 3 for a simulation with that type of output); and (4) precipitous amplitude drops after a number of neuron deletions (Figs. 2A, 4A , 5A) (Wang et al., 2014 for illustrations of this behavior).
Of the four patterns described above, only the fourth matches the in vitro targeted Dbx1 preBötC neuron laser-ablation experiments ( Fig. 2A) (Wang et al., 2014) . We categorized output patterns 1, 2, and 3 collectively as unsuccessful and output pattern 4 as successful. Five of 50 simulations (10%) were successful in the first set of simulations, 16 simulations (32%) were successful in the second group, and 42 simulations (84%) were successful in the third group. These results indicate that the third strategy, which targeted Dbx1 preBötC neurons that project to reticular premotor neurons (set B, Fig. 1A) , caused a precipitous drop in the fictive nerve output amplitude more often than the other two strategies. Assuming the null hypothesis that all strategies would be equally effective, we performed a 2 test to analyze the results ( 2 ϭ 59.28, p Ͻ 0.00001). If targeting strategy has no impact on how the fictive nerve output responds to cumulative ablation, then a result such as this would be extremely unlikely to occur by chance, which bolsters our confidence that targeting strategy is an important factor that influences the precipitous drop in network output characteristic of the in vitro laser ablation experiments.
Discussion
We developed laser ablation methodology with real-time physiological monitoring to quantify the cellular parameters of respiratory rhythm-and pattern-generating circuits (Hayes et al., 2012; . Cumulative deletion of Dbx1 preBötC interneurons slowed and then stopped respiratory rhythm. Surprisingly, the magnitude of inspiratory motor output declined precipitously before the 15th neuron deletion. By contrast, laser ablation of Dbx1 reticular neurons decreased motor output linearly without affecting frequency. Here we present a plausible model that replicates these experiments and thus provides testable predictions regarding the configuration of rhythmogenic and XII premotor circuits. The performance of this network system depends on the choice of the Rubin-Hayes model for preBötC and reticular premotor neurons. This model incorporates the two major burstgenerating inward charge carriers, I Na-P and I CAN , as well as excitatory synaptic connections. However, synaptically triggered intracellular Ca 2ϩ dynamics coupled to I CAN activation, which motivated the development of the Rubin-Hayes model, have been challenged by studies that perturbed metabotropic receptors and intracellular Ca 2ϩ release without stopping rhythmogenesis (Beltran-Parrazal et al., 2012; Ben-Mabrouk et al., 2012) . These results do not invalidate the model because Rubin-Hayes recapitulates recurrent excitation dynamics that all respiratory neurobiologists agree is essential for rhythmogesis (Funk et al., 1993; Wallén-Mackenzie et al., 2006; ; recurrent excitation also underlies another influential and contemporary model of respiratory rhythmogenesis (Guerrier et al., 2015) . Furthermore, excitatory synapses evoke subthreshold Ca 2ϩ accumulation in the Rubin-Hayes model via an agnostic mechanism not explicitly wedded to metabotropic receptors or intracellular Ca 2ϩ release. Twophoton Ca 2ϩ imaging in preBötC neurons dialyzed intracellularly with QX-314 demonstrate postsynaptic Ca 2ϩ accumulation during inspiratory phases that does not depend on Na ϩ spiking (Del . Therefore, synaptically triggered subthreshold Ca 2ϩ increases occur via an unknown mechanism whose dynamics are codified in the Rubin-Hayes model.
We have modeled the preBötC rhythmogenic core as an Erdős-Rényi network (Wang et al., 2014; Song et al., 2015) . Several preBötC modeling studies used all-to-all connectivity (Butera et al., 1999; Purvis et al., 2007; Jasinski et al., 2013) , which is not realistic: paired recordings in the preBötC showed that the excitatory synapses between putative rhythm generators are sparse (ϳ13%) (Rekling et al., 2000) . In contrast, Guerrier et al. (2015) constructed a random geometric network in which a synaptic connection from one neuron to another is exponentially proportional to the distance between them. The Guerrier model creates a far too robust preBötC whose rhythmic function stops after 44% of constituent neurons are deleted, whereas inspiratory rhythms in vitro and in our Erdős-Rényi model of the preBötC cease after ϳ15% of the constituent neurons are ablated (Hayes et al., 2012; Wang et al., 2014; Song et al., 2015) .
We created 100 reticular premotor neurons, initially coupled in Erdős-Rényi configuration, which showed that network-wide synchronization depends on ϳ90 of 250 preBötC neurons projecting to premotor neurons with a connection probability of p ϭ 0.175. This last parameter served as a baseline connection probability when we reconfigured the reticular premotor system as scalefree or small-world networks. Comparing laser ablation simulations to their corresponding experimental benchmarks provided testable insights into the structure and function of the real system. Scale-free and small-world reticular premotor networks and antipreferential attachment rule We compared three network configurations for the XII premotor population. The Erdős-Rényi premotor network synchronized well but did not replicate Dbx1 preBötC neuron ablation experiments. Deleting a model preBötC neuron diminishes rhythmic drive to the Erdős-Rényi premotor network, but its local connectivity has no relationship to preBötC input. So the premotor circuit may still undergo recurrent excitation, which leads to tonic spiking instead of rhythmic bursts in sync with the preBötC.
We surmised that connectivity between the preBötC and the reticular premotor system, and connectivity within the reticular population, cannot be independent. Alternative connectivity schemes should counterbalance synaptic input from reticular premotor neurons with synaptic drive from preBötC neurons.
We then modeled the XII premotor population as a scale-free network. The antipreferential attachment rule ensures that each XII premotor neuron receives proportional synaptic drive from both preBötC and premotor populations. It self-adjusts to maintain a fixed (total) level of synaptic input and is an important testable prediction for future studies.
Subsequently deleting model preBötC neurons predominantly affects XII premotor partners that receive fewer inputs from within the reticular network. Accordingly, XII premotor neurons that receive input from the preBötC are not connected richly enough within the reticular formation to promote recurrent excitation, which might otherwise lead to tonic spiking and induce the rest of the XII premotor population to spike tonically as well. By virtue of their relatively sparse connectivity within the reticular formation, these XII premotor neurons likely receive input from other remaining preBötC neurons and thus may continue to burst in sync with the preBötC, albeit with lower burst magnitude. Therefore, cumulatively deleting model preBötC neurons causes reticular premotor neurons to either burst with lower amplitude or go silent.
The scale-free premotor network configuration accurately replicated the Dbx1 preBötC neuron ablation experiments, but its output did not decline linearly in response to reticular neuron ablations, which occurred in every Dbx1 reticular neuron laserablation experiment.
We remodeled the XII premotor population as a small-world network, rich in local connections yet short in average path length, with antipreferential attachment connectivity from the preBötC. This configuration generated a precipitous decline in the fictive nerve output in the case of cumulative preBötC neuron deletions. Because each reticular premotor neuron in the smallworld network contributes commensurately to the network output, cumulatively deleting reticular neurons diminishes the fictive nerve output linearly as the ablation tally increases, consistent with the experiments (Revill et al., 2015) . Our XII premotor population model comports with neuroanatomical evidence that some reticular formation networks are small-world (Achard et al., 2006; Bassett and Bullmore, 2006; Humphries et al., 2006) . Guerrier et al. (2015) demonstrated that synaptic dynamics (including facilitation and depression) can influence network behavior in ways that may override topological features. Could a disparity in synaptic dynamics, rather than network topology, . Deletion sequence analysis performed on 50 separate trials of cumulative ablation of model preBötC neurons. For three deletion strategies (horizontal axis), 50 simulations were conducted on the same group of 50 realizations of the same configuration for both the preBötC and a small-world reticular premotor network. Each simulation result falls into one of four possible outcomes, represented in different colors: black represents nonfunctional (i.e., the network never achieves a network-wide burst); gray represents stable amplitude (i.e., no precipitous decline in the output amplitude before rhythm termination); red represents tonic behavior (i.e., a large portion of premotor neurons spikes tonically after several preBötC neuron deletions); cyan represents precipitous amplitude drop (i.e., the rhythmic amplitude precipitously declined after a few neuron deletions).
